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One- and Two-Dimensional Analysis of Earth Dams 
D.J. Elton, C.F. Shie and T. Hadj-Hamou, USA 
SYNOPSIS: Earth dams m~y experience reduction in shear strength due to seismically induced ore pfei~ures. Su~h redu~t1on may be l~rge enough to result in large deformations and eventual ~oss 
o
1
. ~ ~eservo1r .. Wh1)e the ~nalys1s of emba~kment dams subject to earthquake loading is a com-
P.lCae proc~ss, 1t .1s ':'equ1red for eval.uat1on o.f seismic stability. In particular, the pos-
Slb~~ltykof l1quefact1on 1n older, hydraul1cally-f1lled or otherwise poorly compacted dams during 
ear gua es presents a ~hreat that must be .aqdressed .. This paper compares two methods of cal-cu~atkng the pec;k dynam1c shear stress (cr:1t1cal to l1~uefaction evaluation) that occurs in an 
ef!1 an ments. dunng. an ear~hquake. The f1rst met~od lS a o.ne-di_mensional analysis, which is 
Shf!lP~e .. rap1d
1 
?nd 1nexfens1ve. The s.econd method 1s a two-d1mens1onal finite element analysis 
w.1c 1s comp 1cate~, ong and expens1ve. Because it is more desirable to use the simpler one: 
d
1
1mens1onal an'1lys1s, the results from the two analyses were compared and indicated that for 
s opes up to 35 the stresses were comparable. 
INTRODUCTION 
There are several reported failures of embank-
ment slopes that have been related to the gener-
ation of high pore pressure during earthquakes. 
The landslide that occurred in the Turnagain 
Heights area during the March 27, 1964 Alaska 
earthquake was a consequence of the liquefaction 
of sand lenses within the soil mass (Seed and 
W1l son, 1967). The massive landslide and near 
total failure of the San Fernando dam in the 
1971 San Fernando earthquake was also attributed 
to the liquefaction of sandy material in the em-
bankment (Seed et al, 1973) 
The build-up of pore pressures in soil caused by 
the cyclic shear stresses imposed under un-
drained conditions during earthquake shaking is 
the mechanism that leads to a reduction in ef-
fective confining pressure. If the pore pres-
sure rises to a value equal to the total confin-
ing pressure, a condition of zero effective 
confining pressure or initial liquefaction is 
reached. Since cyclic shear stresses are the 
major factor.causing increased porewater pres-
sures, 1t 1s necessary to estimate these 
stresses in order to perform a liquefaction 
evaluation. However this tends to be a difficult 
process. Dynamic soil properties, obtained with 
difficulty, are required, as well as an 
earthquake time history, making this type of 
analysis available only on the computer. Two 
approaches are commonly used to estimate the 
dynamic response of soil; a one-dimensional (1-
D) analpis of the soil profile, analyzing a 
"column' of soil considered to have finite 
he i g h t, but i n f i n i t e l ate r a l extent or a two-
dimensional (2-D) analysis using finite element 
pro~rams. However, the finite element analysis 
bes1des requiring more computer time (money), is 
consid~ra~ly m~re difficult t9 set up and run. 
Thus, 1t 1s des1rable to subst1tute the simpler 
faster one-dimensional analysis when ap: 
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propriate. In the remainder of this paper the 
two types of analyses are performed using two 
well accepted programs - SHAKE (Schnabel et al. 
1972) for the 1-D analyses and ~LUSH ( Lysmer et 
al, 1975) for the 2-D analyses - to provide 
guidelines as to when SHAKE can be substituted 
for FLUSH in dynamic earth dam analysis. 
BACKGROUND 
There have been few reported attempts to compare 
SHAKE and FLUSH analyses. Vrymoed et al (1978) 
compared SHAKE and (.JUAD-4 (Idri ss et al. 1973) 
analvses of several earth dams. Their study 
utilized ex~sting data from previous dam 
analyses. Wh1le there results showed promise of 
comparinQ SHAKE and FLUSH analyses, the unusual 
as~m~e~r1c shape of many of the dams precluded 
el1c1t1ng any general conclusions about the 
response. Nonetheless, the study is encouraging 
for further comparisons. 
To account for the finite cross-sectional width 
of the earth dam, Chugh (1985) modified the cal-
culated shear stresses obtained from the SHAKE 
analysis. The modified results were then com-
pared with measured field responses, and with 
FLUSH 9nalyses. Though Chugh provided only one 
~ompar1son, the resl?onse from SHAKE analysis is 
1n goo~ agreement w1th that obtained form FLUSH 
analys1s. 
Using the above studies as a guideline the fol-
1 owing approach was adopted for the present 
study. 
PROCEDURE 
The f?ctors influencing the dynamic response of 
dams 1nclude: sl?pe of dam faces, height of dam 
earthquake mot1on, presence of core soii 
properties and location of water table. Of 
these, slope of dam faces, height of dam and 
earthquake motion were selected for evaluat~on. 
The procedure used in all cases can be sum-
marized as follows: 
1. Select dam geometry (height and slope 
angle) and construct finite element model 
of the dam. The mesh was generated using 
an in-house computer program. Typical dam 
profiles required about 300 elements to 
properly def1ne the dam. 
2. Select soil properties. All dams in 
this study used the soil properties from 
the Pyramid dam shell (Duncan et al, 
1980). This soil classified as SM by the 
Unified Soil Classification System with 
dry unit weight of 111.6 pcf, void ratio 
of 0.46 and an angle of internal friction 
of 53°. The shear modulus and damping 
degradation curves for this soil were as-
sumed to be average curves for sands 
proposed in the FLUSH manual. 
3. Select the earthquake time histories. 
Three time histories of strong ground mo-
tion with widely differing predominant 
periods were used in this study. The dif-
fering predominant periods were chosen to 
assess the effect of frequency content on 
the response of the dams. All time his-
tories were scaled to the same peak ground 
acceleration - 0.35g. The Fourier spectra 
for the three events are shown in Figure 
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6T = peak shear stress difference 
T = peak shear stress calculated by FLUS~ 
Fprogram, and 
T = peak shear stress calculated by SHAKE 
s program 
TABLE 1 
Characteristics of Earthquake Time Histories 
Earthquake location of Richter site epicentral peak T 
date recording Magnitude conditions distance (km) acceleration (sec) 
component station 
Helena Helena. MT 6.0 hard rock 6.6 0.15g 0.15 
31 Oct 1935 Carroll College 
N 00 E 
Golden Gate San Francisco 5.3 hard rock 11.8 0.08g 0.20 
22 Mar 1957 Golden Gate Park 
N 10 E 
Taft Taft, Kern Co. , CA 7.2 soil 
21 Ju l 1952 Lincoln School 
S 69 E 
4. Run the FLUSH analysis on the completed 
profile, and determine the peak shear 
stresses at various elevations in the 
profile, for later comparison with peak 
shear stresses calculated from SHAKE. 
5. Several vertical sections of the profile 
we~e then s~lected for SHAKE analyses. 
Th1s analys1s assumes that the profile 
represented a horizontal section in-
finitely long. The peak shear stresses 
from SHAKE were then determined. 
6. The peak shear stress difference (M) 
was then calculated and plotted versus 
elevation, where 
1044 
43 0.18g 0.45 
RESULTS 
Several cases were examined in order to inves-
tigate the effects of changing slope angles, and 
ground motions. 
CALIBRATION OF MODELING TECHNIQUE: ANALYSIS OF 
LEVEL GROUND. The first model tested is a 
homogenous rectangular section 190 feet (58m) 
high and 100 feet (31m) long with transmitting 
boundaries to simulate an infinitely wide sec-
tion (Figure 2a). A column was analyzed using 
SHAKE and the maximum horizontal shear stresses 
(T,) calculated. The maximum horizontal shear 
~tresses calculated from FLUSH (rF) were calcu-
1 a ted at the centerline of the section, where 
.he SHAKE profile was taken. The results of 
the analyses are shown in Figure 2b. As ex-
)ected, theM values are close to zero, in-
jicating that FLUSH and SHAKE give essentially 
the same values for the level ground case. This 
.Yas expected because SHAKE, being one-jimensional, was intended to model level ground. 
The Taft and Helena earthquakes gave 6r values 
)articularly close to zero. The Golden Gate 
=arthquake, while substantially in line with the 
Jthers, has more variance. This is a reflec-
tion of the difference between the Fourier 
amplitude spectrum of the Golden Gate event and 
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a. Horizontal ground model. . 
b. Comparison of shear stres~ d1 f-
ferences for horizontal sect1on. 
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EFFECT OF SLOPE ANGLE ON SHEAR STREssgs. Earbh 
dams with three slope angles (25°, 30 and 35) 
were analyzed. These angles were chosen to rep-
resent the typical range of slopes found in em-
bankment design. All the dams were 190 feet 
(5§m) h~gh at th~ centerline. The width of the 
25 , 30 and 35 sloped dams were 834, 698 and 
562 feet (254, 213, and 171m) respectively 
(Figure 3a). The SHAKE analyses were run on the 
rive profi1es taken from the dam shown in Figure 
3b. These profiles were taken at different 
elevations on the slope: 190 (crest), 160, 130, 
100, and 60 feet (58, 49, 40, 31 and 18m). A 
plot was made for each of these profiles, for 
each earthquake. Figure 4 shows the effect of 
slope on each profile for the Taft earthquake, 
while Figures 5 and 6 show the effect of slope 
for the Helena and Golden Gate records, respec-
tively. It can be observed from Figures 4, 5, 
and 6 that the variation of the slope of the 
earth dams has little effect on the shear stress 
difference, M. Hence, these three models can 
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Fig. 4. Effect of slope and profile 
depth on each profile for 
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earthquake. 
For the profiles in the slopes, the largest dif-
ference occur from the ground surface down to 
about 30 feet (9m). The values of tH are 
generally larger at the top than at 9reater 
depths. M are generally positive ind1cating 
that FLUSH predicts larger stres'ses. This 
reflects the lesser confinement in the shallow 
region of the dam than that in a horizontal soil 
deposit of equivalent depth. Though the per-
centage difference in M may be large dif-
ference in shear stresses is actually a small 
number. For example, the largest percentage M 
in Figure_4(a) is 50%. However, the stress dif-
ference 1s only 107 psf (320 psf from FLUSH 
m!nus 213 psf from SHAKE). (5.1kPa, from 15.3kPa 
m1nus 10.2kPa) 
In general the shear stress differences genera-
ted by the Taft and Golden Gate motions are 
smaller than those produced by the Helena mo-
tion. The Fourier amplitude spectrum may give an 
explanation for this variation (below). It is 
noteworthy that ~r gets smaller with increasing 
depth in the profile. This is expected, as 
greater depths in the two-dimensional field more 
closely imitate the one-dimensional model of 
SHAKE. 
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EFFECT OF SLOPE ANGLE ON NATURAL FREQUENCY OF 
THE DAM. The natural frequency of an earth dam 
is a function of its height, geometry, and the 
soi 1 s it is constructed or. The effect of 
geometry was investigated by comparing the 
natural frequencies of the different dams. 
The natural frequency of a horizontal soil 
deposit can be determined from equation 1 (Dobry 





f natural frequency of the horizontal 
soil deposit 
Vs shear wave velocity, and 
H thickness of the horizontal soil 
deposit 
( 1) 
Also if an earth dam is assumed to be a 
homogeneous wedge-shaped shear beam, the first-
order natural frequency can be obtained by equa-





fe first-order natural frequency of the 
earth dam . Vs average shear wave veloc1ty, and 
H height of the earth dam 
This mode 1 does not consider the slope of the dam only the height. The first-order natur~l 
frequency of 190 foot (58m) the earth dam l s 
2.17 Hz. 
A better estimate can be gained from finit) ele-
ment analyses (FEM) done by Okamot? .< 1984 ~. H~ performed both shear beam and f1 n1 te e emen 
anaiyses on two dams with different slopes, 
namely, and 34° and 18°. The periods of these 
two dams were: 
TABLE 2 
Predominant Frequencies of Sloped Dams (from Okamoto, 1984) 
by Shear beam Method 










The ratio of SB/FEM frequencies can be used to 
estimate the finite element frequency for the 
190 foot (58m) dam used in this study: 
estimated FEM frequency for 34° dam = 2.17/1.03 
= 2.11 Hz 
Noting that the period from the FEM analyses 
changed at a rate of 0.0056 Hz/degree, an es-
timate of the finite element predominant fre-
quencies of the 30° and 25° dams can be made: 
est. frequency for 30° dam 
2.09 Hz 
2.11- .0056*4 
est. frequency for 25° dam= 2.11- .0056*9 = 
2.06 Hz 
The natural periods of each of these do not vary 
more than 3%- making all three dams virtually 
identical in this regard. It is interesting to 
note that the best agreement between the SHAKE 
and FLUSH analyses occurred with the dam whose 
predominant period was the furthest from the 
predominant period of earthquake. This tend to 
indicate that SHAKE is best substituted for 
FLUSH when there is a great difference in the 
predominant periods of the dam and the design 
earthquake. 
Based on this approximation, the first-order 
natural frequency of any of the 190 foot earth 
dams (average 2.09 Hz) is closest to the major 
predominant frequency of the Taft event - 2. 3 
Hz. In this situation, the dam may be starting 
to resonate. At resonance, greater shear 
stresses and strains are induced in the earth 
dam. 
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The average predominant frequency of the dams i 2.31 Hz away from the predominant frequency c 
the Golden Gate event (4.4 Hz), and is 1.09 H 
away from the predom1 nant frequency of th 
Helena event (1.0 Hz). Thus, the chance that th dam could resonate from the Helena or Golde 
Gate motions will be much less than that fro 
the Taft motion. 
CONCLUSIONS 
One- and two-dimensional dynamic analysis o 
earth dams was performed for a variety of condi 
tions. The effect of dam height, slope an9le 
and input motion were evaluated for a l i m1 te 
number of cases. 
Three ground motions were used to generate shea 
stresses in a horizontal soil defosit and thre identical height but different y slope dams 
The shear stresses computed by a one-dimensiona 
program (SHAKE) and a two-dimensional finitF 
element method were compared. The analyses in-
dicated that: 
1. For the horizontal soil deposit, the seis-
mically induced shear stresses computed by 
the SHAKE program and the FLUSH program are 
in good agreement. 
2. The variation of slopes of the earth dams (25°, 30°, and 35°) had very little in-
rl uence on the shear stresses from SHAKE 
analysis or FLUSH analysis. The response 





Near the surface, due to less lateral con-
finement, the shear stress calculated by 
FLUSH are generally larger than those cal-
culated by SHAKE, yet the numerical dif-
ference between the absolute shear stress 
is low. This is not the greatest concern 
as high pore pressures near the surface of 
the dam tend to dissipate quickly, reducing 
liquefaction potential. Moreover, previous 
analyses of earth dams have shown that hi9h 
pore pressures tend to be generated inl-
tially in the deeper region of th-e earth 
dam. 
To avoid resonance between predominant fre-
quency of the ground motion and the natural 
freq~ency of. the earth dam occurring, the 
Faun er ampl 1 tude spectrum may provide a 
useful guide for the selection of input ac-
celerogram. A suitable input accelerogram 
s h o u l d be chosen i n such a way that the 
frequency difference between the 
predominant frequency and the natural fre-
quency of the dam is as large as possible 
to avoid resonance. ' 
It appears that the further the predominant 
period of the dam is from the predominant 
period of the input motion, the better the 
agreement between the shear stresses gener-
ated by SHAKE and FLUSH. 
In general, the 1-D analysis.can provide anal?-
proximation of the stresses 1 nduced stresses 1 n 
an earth dam during earthquakes and could be 
used for screening purposes. Previou~ analyses 
(Seed et al, 1973) indicate that the. h1gh ~x~ess 
pore pressures (which may lead to 1nstab1l1ty) 
are first genera ted in the lower sections of 
dams, where the 1-D and 2-D analyses yield 
similar results. Thus, the SHAKE and FLUSH com-
parison is useful in this most important part of 
the dam. 
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